Host-gut microbiota metabolic interactions are closely associated with health and disease. A manifestation of such co-metabolism is the vast structural diversity of bile acids (BAs) involving both oxidative stereochemistry and conjugation. Herein, we describe the development and validation of a LC-MS-based method for the analysis of human C24 BA metabolome in serum and urine. The method has high throughput covering the discrimination of oxidative stereochemistry of unconjugated species in a 15-min analytical cycle. The validated quantitative performance provided an indirect way to ascertain the conjugation patterns of BAs via enzymedigestion protocols that incorporated the enzymes, sulfatase, β-glucuronidase, and choloylglycine hydrolase. Application of the method has led to the detection of at least 70 unconjugated BAs including 27 known species and 43 newly found species in the postprandial serum and urine samples from 7 nonalcoholic steatohepatitis patients and 13 healthy volunteers. Newly identified unconjugated BAs included 3α, 12β-dihydroxy-5β-cholan-24-oic acid, 12α-hydroxy-3-oxo-5β-cholan-24-oic acid, and 3α, 7α, 12β-trihydroxy-5β-cholan-24-oic acid. High-definition negative fragment spectra of the other major unknown species were acquired to facilitate future identification endeavors. An extensive conjugation pattern is the major reason for the Binvisibility^of the newly found BAs to other common analytical methods. Metabolomic analysis of the total unconjugated BA profile in combination with analysis of their conjugation patterns and urinary excretion tendencies have provided substantial insights into the interconnected roles of host and gut microbiota in maintaining BA homeostasis. It was proposed that the urinary total BA profile may serve as an ideal footprint for the functional status of the host-gut microbial BA co-metabolism. In summary, this work provided a powerful tool for human C24 BA metabolome analysis that bridges the gap between GC-MS techniques in the past age and LC-MS techniques currently prevailing in biomedical researches. Further applications of the present method in clinical, translational research, and other biomedical explorations will continue to boost the construction of a host-gut microbial co-metabolism network of BAs and thus facilitate the decryption of BA-mediated host-gut microbiota crosstalk in health and diseases.
Introduction
Host-gut microbiota metabolic interactions are associated with various disorders that are physiologically connected by the gut, liver, muscle, and brain [1] . Bile acids (BAs) are an important class of metabolites that are originally biosynthesized by the host, then further modified by the actions of symbiotic gut microbiota, and play a critical role in shuttling information between them [2] [3] [4] . On the side of host, the BA receptors, such as nuclear farnesoid X receptor (FXR) and G proteincoupled membrane receptor 5 (TGR5), have become major targets for studies of metabolic diseases [5, 6] . On the other side, BAs can modulate gut microbial composition both directly [7] [8] [9] and indirectly through activation of the host innate immune signals [10] [11] [12] . The in-depth understanding of the host-microbiota crosstalk mechanisms, which will assist in the development of new strategies for disease prevention and therapeutic intervention [13] , relies heavily on our ability to analyze the vast structural diversity of the entire BA metabolome.
Human BAs are C24 molecules comprised of a cis A/B ring fusioned C19 cyclopentanophenanthrene (steroid) nucleus and a carboxylate side-chain (Fig. 1) . The structural diversity of C24 BAs comes primarily from oxidative stereochemistry, with oxidation sites essentially on C-3, commonly on C-6, 7, and 12, and unusually on C-1, 2, 4, 5, 15, 16, 19, 22, and 23 [14] . The diversity is dramatically amplified by metabolic conjugation reactions mainly including sulfation, glucuronidation, and aminoacyl amidates linked with either glycine or taurine [15, 16] . Hundreds of unconjugated BAs may be retrieved from the human metabolome database (HMDB) [17] and LIPID MAPS Structure Database (LMSD) [18] . Standards are not available for most of the unusual species, not to mention their conjugated metabolites. As a result, the analysis of the human BA metabolome is challenged by (1) conjugation-derived structural diversity, (2) difficulty in differentiating isomers and epimers, (3) synthesis of standards especially those with unusual oxidation sites, and (4) ethical issues in obtaining access to human samples that are necessary because there are inter-species differences in BA metabolism between humans and animals.
The above challenges in BA analysis have been considerably addressed by GC-MS-based methods developed in the last century. As summarized in a recent book [19] , the sample processing techniques including column separation, chemical hydrolysis, solvolysis, and/or enzymes hydrolysis were comprehensively used to cope with conjugation-derived structural diversity. The retention index and fragmentation pattern of the trimethylsilyl and dimethylethylsilyl ethers of BAs determined using GC-MS have been evaluated to facilitate differentiation of isomers and epimers. Some unusual BA species with hydroxylation sites on C-1, 2, 4, 6, and 19 have been detected in biological samples in early human life and in patients with liver diseases. However, these challenges have not yet been addressed by LC-MS techniques currently used in BA analysis [20] [21] [22] [23] [24] . Unusual species have seldom been detected using LC-MS, except for a recently characterized CYP3A-mediated hydroxylated metabolite of DCA, 1β, 3α, 12α-trihydroxy-5β-cholan-24-oic acid (DCA-1β-ol) [25] [26] [27] . Lack of standards and underestimation of conjugation-derived structural diversity are the major reasons for the incoherence of the different platforms. This situation has consistently been a bottleneck for BA data analysis thus obstructing a deeper understanding of host-gut microbiota BA co-metabolism.
In this work, our overall objective was to develop a quantitative method for the analysis of human C24 BAs in serum and urine based on enzyme-digestion of conjugated BAs and LC-MS determination of unconjugated BAs. The enzymedigestion protocols were developed and validated to achieve optimal selectivity and efficacy of the enzymes capable of hydrolyzing conjugated BAs, as well as achieving acceptable unconjugated BA stability during incubation. Based on our previous work, which focused on negative fragmentation and chromatographic separation of BAs by LC-MS techniques [28, 29] , the fine-tuned chromatographic gradient and advanced multiple reaction monitor (MRM) were jointly employed to separate and detect the unconjugated BAs in human serum and urine. The validated method developed here allows for analysis of a more complete structural diversity of the human BAs metabolome associated not only with the oxidative stereochemistry but also with varying conjugation patterns. We believe that the knowledge gained in this work will facilitate a deeper understanding of the host-gut microbial cometabolism of human BAs.
Material and methods

Chemicals and reagents
The abbreviations of BAs were named according to the proposed nomenclature in 1992 [30] . Standards of 33 unconjugated BAs, 27 conjugated BAs, and 4 stable isotope-labeled internal standards summarized in Table 1 and Electronic  Supplementary Material (ESM) Tables S1 and S2 were purchased from Steraloids (Newport, RI, USA), TRC (Toronto, Canada), Santa Cruz Biotechnology (Dallas, TX, USA), or Sigma-Aldrich (St. Louis, MO, USA). Sulfatase from Helix pomatia Type H-1 (SUL-1), sulfatase from abalone entrails Type VIII (SUL-2), sulfatase from Patella vulgata Type IV (SUL-3), β-glucuronidase from Helix pomatia Type H-1 (GLU-1), β-glucuronidase from limpets (GLU-2), β-glucuronidase from Helix aspersa Type HA-4 (GLU-3), choloylglycine hydrolase from Clostridium perfringens (CH), activated charcoal, sodium acetate, glacial acetic acid, and LC-MS grade methanol, acetonitrile, and formic acid were purchased from Sigma-Aldrich. Ultra-pure water was obtained by using a Milli-Q system (Millipore, Bedford, MA, USA).
Human serum and urine
The post-prandial serum and urine were collected from 7 patients with biopsy-confirmed nonalcoholic steatohepatitis (NASH) and 13 healthy volunteers [31] . This study was approved by the UNC-CH Biomedical Institutional Review Board and was published in ClinicalTrials.gov of U.S. National Library of Medicine (NCT01766960). Urine samples were collected and pooled over the 2-h post-prandial period. Blood samples were collected at 0.0, 0.5, 1.0, 1.5, and 2.0 h after the meal and allowed to clot for 30-60 min to separate the serum. Serum and urine samples were stored at − 80°C until analysis. The certified human plasma (SRM1950, http://srm1950.nist.gov/) was purchased from the National Institute of Standards and Technology (NIST).
Preparation of calibration and quality control samples
The 5 mM stock solutions of unconjugated BAs in methanol were pooled and diluted to final concentrations of 100 μM each with methanol. The blank matrix (serum and urine) was prepared by treating fetal bovine serum (FBS, Omega Scientific Inc., Tarzana, CA) or mixed urine collected from six volunteers with 10% (w/v) with activated charcoal to remove BAs. Calibration samples (4.1, 12.3, 37.0, 111.1, 333.3, 1000, and 3000 nM) and quality control (QC) samples (6.2, 18.5, 55.6, 166.7, 500, and 1500 nM) were prepared by serial dilution of the 100 μM working solution with either the blank serum or the blank urine (charcoal-treated).
Sample preparations
Urine and serum samples were thawed on ice. Aliquots (50 μL) of each sample were transferred into the 700 μL sample collection plate in quadruplicate. The first aliquot was prepared with treatment-1 (T1), in which 150 μL sodium acetate buffer (pH 5.0) were added to determine the free unconjugated forms. The second aliquot was prepared with treatment-2 (T2), in which 150 μL buffer containing 100 U of CH were added to hydrolyze the aminoacyl amidates. The third aliquot was prepared with treatment-3 (T3), in which 150 μL buffer containing 50 U of SUL1 and 500 U of GLU1 were added to hydrolyze the sulfates and glucuronides. The final aliquot was prepared with treatment-4 (T4), in which 150 μL buffer containing 100 U of CH, 50 U of SUL1, and 500 U of GLU1 were added to determine the total BA levels. The calibration and quality control samples were prepared using the T1 protocol without incubation procedure. The plate was incubated at 37°C for 6 h and subsequently lyophilized. Then, 200 μL of acetonitrile containing 1% formic acid and 100 nM internal standards were added to each well. The plate was mixed by vortexing at 1500 rpm for 30 min at 10°C and then centrifuged at 3000 g for 20 min at 4°C. Further, 200 μL supernatant were transferred to another plate and vacuumevaporated at 30°C. The residue was reconstituted with 50 μL of acetonitrile and 50 μL of water and then mixed by vortexing at 900 rpm for 20 min at 10°C. After centrifugation, the plate was placed into an autosampler for analysis.
Method validation
The UPLC-MS/MS method was validated for 32 unconjugated standard species spiked in the blank serum by reference to the FDA criteria for linearity, carry-over, matrix effects, accuracy, and precision and stability [32] . All the validation samples except for stability tests were prepared by the T1 protocol without incubation. Linearity was evaluated over a concentration range of 4.1-3000 nM. Carry-over was assessed by comparison of the peak areas detected in the blank matrix vs lower limit of quantification (LLOQ) and upper limit of quantification (ULOQ). Matrix effects were evaluated at QC3 (55.6 nM) and QC6 (1500 nM) by comparing the peak areas of LCA-D4, DCA-D4, UDCA-D4, and CA-D4 that were spiked in solvent and the processed residues of biological samples. Accuracies and precisions were evaluated at six QC levels (4.1, 12.3, 37.0, 111.1, 333.3, 1000, and 3000 nM) on intra-run (five replicates analyzed on same day) and inter-run (three different days). Stabilities of the unconjugated species were tested at six QC levels with samples prepared by the T4 protocol and incubated at 37°C for 6 and 24 h. Method validation for urine samples was abbreviated and focused mainly on linearity, accuracy, and precision at three QC levels (30, 300, and 3000 nM). 
Quantitative UPLC-MS/MS analysis
The targeted analysis was performed using an ACQUITY ultra-performance liquid chromatography (UPLC) coupled to a Xevo TQ-S mass spectrometer (Waters, Milford, MA, USA). The mobile phases consisted of 0.01% formic acid in water (mobile phase A) and acetonitrile (mobile phase B). Then, 5 μL of each sample were injected onto an ACQUITY BEH C18 column (1.7 μm, 100 mm × 2. Table 1 and ESM Table S1 .
UPLC-QTOF-MS analysis
The negative fragments spectra of BAs were captured using an ACQUITY UPLC coupled to a Xevo G2-S QToF mass spectrometer with the same chromatographic and source parameters. The data were collected by MS/MS scans (0.036 s/scan) [30] of the [M-H]-anion under various collision energies (CE) in centroid mode. Leucine enkephalin was infused via the reference probe as lockspray to ensure m/z accuracy. The LM and HM resolutions were set at 25.0 and 15.0, respectively. Such settings confined the quadrupole transmission window, excluded isotopic contributors, and facilitated data analysis [28] .
Data processing
The UPLC-MS/MS and UPLC-QTOF-MS raw data were processed using MassLynx (V4.1, Waters, Milford, MA, USA) or UNIFI (V1.8, Waters, Milford, MA, USA) software. The QTOF MS/MS spectrum of each BA was obtained by combining the scans within peak width. Principal component analysis (PCA) was carried out on the total BAs levels dataset with Pareto scaling using SIMCA (v14, Umetrics, Umeå, Sweden).
Results and discussion
Development of enzyme-digestion protocols
Quantitative enzyme-digestion protocols were developed based on the selectivity and efficacy of enzymes to digest a total of 27 standards of conjugated BAs at 1000 nM (ESM Table S3 ). CH (50 U/50 μL sample) showed a high activity (> 95%) toward all the tested BA amides, while SULs (10 U/ 50 μL sample) and GLUs (50 U/50 μL sample) demonstrated varying activities (20-100%) toward BA sulfates and glucuronides. The cross-activities of SULs and GLUs to digest sulfates and glucuronides led to the development of T3, in which a combination of SUL1 and GLU1 was employed to investigate the overall sulfation and glucuronidation of BA species. The development of T4 was based on the evidence that the combination of SUL-1, GLU-1, and CH at 50 U/50 μL sample was able to completely digest the conjugated BAs in a pooled urine sample (ESM Fig. S1 ). The inclusion of enzymes in sample preparation did not introduce interferences. Because a longer incubation time was necessary for GLU1 to hydrolyze glucuronides linked at C-3 or C-7 [33] , we used excess amounts of enzymes, SUL1 50 U, GLU1 500 U, and/ or CH 100 U/50 μL sample, and a longer incubation time, 37°C for 6 h, in the final protocols. As illustrated in ESM  Fig. S2 , the enzyme-digestion protocols were efficient to manipulate the conjugated BAs in urine and serum samples.
Fine-tuned gradient and advanced MRM techniques discriminated the unconjugated BAs enriched in samples
The enzyme protocols efficiently digested the conjugated BAs and raised some problems relating to the discrimination of the enriched unconjugated BAs. The re-optimization of chromatographic gradient based on our previous work [29] clearly highlighted such challenges. A subtle, segmental gradient was determined to be critical for the resolution power of the tri-hydroxyl BAs eluted within the retention times of isoUCA (53) and αMCA (68) (ESM Fig. S3A S3C ). Due to lack of standards, the separation power for the oxo species or unsaturated structures was not optimized as thoroughly as the saturated species.
The optimized gradient had a high throughput and acceptable resolution at quan-MRM transients for all the 33 unconjugated standards (Fig. 2a) and the newly found unconjugated species that were enriched in the digested urine and serum samples (Fig. 2b-c) . In continuous analytical runs lasting for 8 days, the method exhibited strong reproducibility with the retention variations (standard deviation) for all analytes less than ± 0.02 min ( Table 1 ). The separation power for monohydroxyl, di-hydroxyl, and tri-hydroxyl species in a representative urine sample prepared by T1, T2, T3, and T4 is particularly highlighted in Fig. 3a-c . The present method showed clear superiority to previous LC-MS methods because the insufficiently separated unconjugated species were able to be discriminated by the val-MRM transients (Fig. 3d, e) [28] .
Quantitative performances
Beyond previous publications that used standard solutions for calibration, our work prepared the calibration and QC samples by spiking standards in the charcoal-treated blank matrix (serum or urine). A good linearity (R 2 > 0.99) across the concentration range of 4.3-3000 nM was observed for 32 standard species in both serum and urine. LLOQ was verified as 4.1 nM for each standard species in both serum and urine, with signalto-noise ratio > 5, the accuracy (percentage bias) < ± 20%, the precision (coefficient of variance) < 20%, and the carryover lower than 5%. Matrix effects were not observed with coefficient of variance < 15% at QC3 and QC6 for the stable isotope-labeled internal standards spiked in solvent and the processed residues of individual serum and urine samples. An acceptable intra-/inter-run accuracy (84-116%) and precision (no more than 20% for QC1 and no more than 15% for the other QC levels) for 32 standards was demonstrated in serum (ESM Figs. S4 and S5) . The quantitative performances for urine samples were similar and the data was shown in ESM Fig. S6 . As shown in ESM Fig. S7 , all the 32 standard species were stable after being treated with the T4 protocol and incubated for 6 h; however, a significant degradation (< 80%) was observed for some species after 24 h of incubation.
Oxidation stereochemistry of unconjugated BAs in human urine and serum
By using the validated method, we were able to take a closer look at the structural diversity of human C24 BAs derived from oxidation stereochemistry. As listed in Table 1 , we detected at least 70 unconjugated species in the postprandial serum and urine samples from 20 adults (7 NASH patients and 13 healthy volunteers). Figure 2 illustrates the representative ion chromatograms of digested urine and serum samples from one NASH patient (Fig. 2b) and two healthy volunteers (Fig. 2c, d) . The structural diversity of BAs in urine was much more diverse than that in serum and increased as expected in a rank order based on the steroid nucleus oxidation number, i.e., mono-hydroxyl species < di-hydroxyl species < tri-hydroxyl species. Several tetra-hydroxyl species were also detected but Table 1 not discussed in this work due to lack of standards and much lower responses of them compared to the others. Among the 33 standards, alloLCA (02), 3-deoxyCA (32), 7, 12-dioxoLCA (36), 12-oxoCDCA (46), αMCA (68), and βMCA (71) were not detected or detected with levels under LLOQ. The absence of αMCA and βMCA in the human BA metabolome confirmed that humans are unable to synthesize αMCA and βMCA as rodents via 6β-hydroxylation of CDCA and UDCA, respectively [34] . Besides the 27 known BA species, the present method detected an additional total of 43 unknown unconjugated species, including 21 saturated species and 22 relevant oxidative or unsaturated structures. The high-definition MS/MS spectra of the detected species in the digested urine samples were captured by UPLC-QTOF-MS analysis and are summarized in the ESM Table S4 . The fragmentation data of known species captured in biological samples were well consistent with those captured in the standard samples.
Structural diversity of mono-hydroxyl species
LCA (04) was the major mono-hydroxyl BA detected in both urine and serum. Low levels of 3-dehydroLCA (01) and isoLCA (03) were also detected in some individuals with a higher LCA level. This observation led us to propose that there was a common pathway involving the oxidation and the epimerization of hydroxyl groups, which is generally acknowledged to be mediated by the hydroxysteroid dehydrogenases (HSDHs) of the gut microbiota [35, 36] . Such a pattern became useful for the identification of some newly found unknown species with more than one hydroxyl group on the steroid nucleus.
Structural diversity of di-hydroxyl species
The di-hydroxyl BAs showed much more diversity than the mono-hydroxyl species. We detected a total of 11 di-hydroxyl species and at least 16 relevant oxidative or unsaturated species. The 11 di-hydroxyl species included 9 known BAs, MDCA (21), isoUDCA (22) , isoHDCA (23), UDCA (24), HDCA (25) , isoDCA (27) , CDCA (30) , and DCA (31), along with 3 newly found species, DBA01-DBA03 (26, 28, 29) . Among them, isoUDCA, UDCA, HDCA, DBA01, DBA03, CDCA, and DCA were the major di-hydroxyl BAs detected in serum and/or urine (Fig. 2) .
DBA01 (26) was detected in both the serum and urine of all individuals. The differentiation of DBA01 from isoDCA (27) was particularly noteworthy because they have only a minor but robust difference in the retention time (9.57 ± 0.01 for DBA01 and 9.64 ± 0.01 min for isoDCA). Interestingly, both DBA01 and isoDCA have almost the same negative fragmentation patterns as that of DCA (ESM Table S4 ), indicating that DBA01 may be one of the four DCA epimers. Because 12-oxoLCA (16) was detected with consistent levels with respect to DBA01 in individuals, we tentatively identified DBA01 as 3α, 12β-dihydroxy-5β-cholan-24-oic acid (12-epiDCA). The tentative identification matched well with the fragment data of 12-epiDCA retrieved in MASSBANK [37] and was eventually confirmed by comparison to the standard (ESM Fig. S8 ) prepared from 12-epiDCA methyl ester 3α-benzoate (TRC, Cat D232663). 12-epiDCA is associated with the gut microbial activities of 12-HSDHs that catalyze the epimerization of DCA [35, 36] . It was detected in previous studies by GC-MS in human feces [38, 39] , in the plasma of patients with intestinal bacterial overgrowth [40] , in the Table 1 duodenal bile and urine of diabetic subjects [41] , and in the urine of healthy human subjects [42] . Our work has provided the first LC-MS-based evidence that 12-epiDCA is a common human BA species.
Unlike 12-epiDCA, DBA03 (29) occurred with an elevated level in some individuals. There were no significant fragments with identification value in the MS/MS spectra of DBA03 (ESM Table S4 ). The retention time of DBA03 (10.58 min) did not conform to any possible epimers of CDCA and HDCA. An unusual oxidation site other than C-6, C-7, and C-12 was therefore proposed to reside on the skeleton of DBA03. We are currently dealing with the synthesis challenges and the identification result will be reported in a later publication.
Another noteworthy case was the differentiation of oxoDBA08 (20) from 3-dehydroCDCA (19) . The retention time variation of the 3-dehydroCDCA standard in runs lasting for 8 days was as narrow as 10.91 ± 0.00 min. However, the retention data of B3-dehydroCDCA^in urine (10.92 ± 0.03 min) and serum (10.93 ± 0.01 min) was much more variable, indicating that another isomer was being co-eluted. They occurred more frequently in serum samples than in urine samples (Fig. 2b-d) . OxoDBA08 (20) was hypothesized to be 12α-hydroxy-3-oxo-5β-cholan-24-oic acid (3-dehydroDCA) because isoDCA (27) occurred at higher concentrations in individuals with the retention time of B3-dehydroCDCA^obvious-ly deviated from 10.91 min. Comparison of our data with that of a commercial standard (TRC, Cat O856870) eventually confirmed the identification of 3-dehydroDCA (ESM Fig. S9 ). In the similar way, we tentatively identified oxoDBA04 (13) as 7β-hydroxy-3-oxo-5β-cholan-24-oic acid (3-dehydroUDCA) because it occurred in individuals consistently with both UDCA (24) and isoUDCA (22) . The identification of 3-dehydroUDCA requires confirmation using a standard.
Structural diversity of tri-hydroxyl species
The tri-hydroxyl BAs showed the most diversity among the detected BA species. We detected a total of 25 tri-hydroxyl BAs and at least 15 relevant oxidative or unsaturated species. The 25 tri-hydroxyl BA species included 7 known BAs, isoUCA (53), UCA (58), βHCA (64), isoCA (65), αHCA (73), alloCA (75), CA (76), and 18 newly found species, TBA01-TBA18 (50-52, 54-57, 58-63, 66, 67, 69, 70, 72, 74).
DioxoTBA01 (34) and oxoTBA02 (38) were detected in individual urine samples in parallel to isoUCA (53) and UCA (58), which was consistent with the patterns for oxoDBA04 (13) , UDCA (24) , and isoUDCA (22) . Based on these data, oxoTBA02 was tentatively identified as 7β, 12α-dihydroxy-3-oxo-5β-cholan-24-oic acid (3-dehydroUCA) and diketoTBA01 was tentatively identified as 12α-hydroxy-3,7-dioxo-5β-cholan-24-oic acid (3, 7-dioxoLCA). The fragmentation spectra of oxoTBA02 and dioxoTBA01 (ESM Table S4 ) have provided positive supporting evidence for their tentative identification.
Most of the unknown tri-hydroxyl species, such as TBA01 (50), TBA02 (51), TBA05 (55), TBA07 (57), TBA09 (60), TBA10 (61), TBA13 (66), and TBA18 (74) employed distinctive CID dissociation routes including dehydration, loss of carbon monoxide/carbon dioxide, dehydrogenation, and cleavages of the steroid skeleton. These fragmentation pathways have been ascribed to 12-hydroxylation that initializes the rotation of the carboxylate side-chain and facilitates the loss of C-24 and ring cleavages [28] . Hydroxylation at both C-3 and C-12 was therefore anticipated on their skeleton. Based on this evidence, TBA07 (57) was eventually identified by a comparison with the commercial standard, (TRC, Cat H943480), as 3α, 7α, 12β-trihydroxy-5β-cholan-24-oic acid (12-epiCA) (ESM Fig. S10 ). The identification also matched well with the fragments data of 12-epiCA retrieved in MASSBANK [37] . 12-epiCA is also associated with the gut microbial activities of 12-HSDHs that catalyze the epimerization of CA [43] . To the best of our knowledge, there was only one GC-MS-based work that ever reported the detection of 12-epiCA in human urine [42] . Our work has provided a strong LC-MS-based evidence that 12-epiCA is a common human BA species.
TBA05 (55), TBA09 (60), TBA10 (61), TBA13 (66), and TBA18 (74) were common 12-hydroxylated tri-hydroxyl species detected in human serum and urine (Fig. 2) . According to their fragmentation spectra, we proposed an unusual oxidation site besides C-3 and C-12 on their skeletons. One of them was believed to be DCA-1β-ol, which has been characterized as a hydroxylated metabolite of DCA via CYP3A [26, 27] . The others were hypothesized to be associated with hydroxylation sites on C-2, C-4, C-5, C-6, and C-19. These tri-hydroxyl BA species have been previously detected and identified in biological samples in early human life and patients with liver diseases [19] . We are currently dealing with the synthesis challenges and the results will be reported later.
Quantitative metabolomic analysis showed an interplay between the role of host and gut microbiota in maintaining BA homeostasis By using the validated method, we quantitatively or semiquantitatively determined the BA species in the postprandial serum and urine from 7 NASH patients and 13 healthy volunteers. The total levels of the major detected BA species in biological samples prepared by T4 are listed in the ESM Table S5 . The newly identified or unidentified ones were semi-quantified using the calibration curve of its analogue because they produced equivalent responses at the same level in the same MRM channels. For example, 3-dehydroUDCA (13) was semi-quantified using the calibration curve for 7-oxoLCA (15) at MRM of 389 > 389, 12-epiDCA (26) was semi-quantified using the calibration curve for isoDCA (27) at MRM of 391 > 345, and 12-epiCA (57) was semi-quantified using the calibration curve for CA (76) at MRM of 407 > 407. The other unidentified species were semi-quantified with a similar strategy. For further inter-lab cross-validation purposes, we have provided the quantification results of the NIST1950 plasma sample prepared by either T1 or T4 in ESM Table S5. PCA was used to interpret the postprandial changes in the total BA profiles both in serum and urine. The serum BA profiles between NASH patients and healthy volunteers were not fully separated in the PCA scores plot (Fig. 4a and see details in ESM Fig. S11) . Nevertheless, the postprandial serum BA profiles of NASH patients changed more than those of healthy controls, reflecting a dysbiosis of NASH patients in contrast to the homeostasis of healthy controls in their hostgut microbial co-metabolism. Because the variances were mainly explained by t [1] and t [3] , the BA species contributing the most to p [1] (CDCA, CA, DCA) and p [3] (UDCA, isoUDCA and 3-dehydroUDCA) provided some preliminary evidence for the altered BA metabolism in NASH patients. In detail, two NASH patients (subject-C and -F) showed significantly different post-prandial serum levels of CDCA, CA, DCA, which could possibly be associated with their respective dysfunction of the hepatic BA uptake system. Another two patients (subject-B and -G) demonstrated a significantly elevated and different serum levels of UDCA, isoUDCA, and 3-dehydroUDCA, which may be associated with an increased colonization of gut bacteria expressing HSDHs that catalyze the oxidation and epimerization of CDCA [35, 36] .
As expected, the PCA scores plot showed a clear separation of the BA profiles in urine and serum. Because the separation of urine and serum was mainly explained by t [2] , the variables contributing to p [2] (as labeled in Fig. 4b ) highlighted the BA metabolites that have a renal excretion tendency. Except for the unidentified 12-hydroxylated tri-hydroxyl species, TBA09, TBA10, TBA13, and TBA18, most of the highlighted BAs were the oxidized and epimerized metabolites of CDCA (UDCA, isoUDCA, and 3-dehydroUDCA), CA (UCA, isoUCA, 7-oxoDCA, and 3,7-dioxoLCA), and DCA (12-epiDCA and 12-oxoLCA) [35, 36] . In this regard, we proposed that the urinary total BA profile may serve as an ideal footprint manifesting the functional status of the hostgut microbial co-metabolism of BAs.
Conjugation patterns and urinary excretion tendencies of identified BA species
By using the enzyme-digestion protocols, Fig. 5a , b demonstrated the conjugation patterns of the downstream metabolites of CA and CDCA in serum and urine of NASH patients and healthy control, respectively. αHCA and HDCA were categorized as the downstream metabolites of CDCA according to the hepatic CYP3A mediated 6α-hydroxylation of CDCA [44] and LCA [25, [45] [46] [47] [48] characterized in vitro. Because CDCA, CA, LCA, and DCA exist in serum and urine in various forms but are not inclined to renal excretion, we supposed that renal elimination of BAs requires additional modifications of the steroid nucleus. This hypothesis was tested by analyzing the conjugation patterns and renal excretion tendencies of both the HSDHs-mediated epimerized metabolites and hepatic hydroxylated metabolites.
The epimerized metabolites of CA, including isoUCA, UCA, and 12-epiCA, existed in the circulation mainly as the Fig. 4 PCA scores plot (a) and loadings plot (b) of the total levels of the detected BA species in the postprandial serum and urine samples from 7 NASH patients (subject A-G) and 13 healthy volunteers (subject H-T). The total levels of the detected BA species were determined in samples prepared using the enzyme-digestion protocol, T4. The detected BA species were labeled in the loadings plot with the NO. and abbreviations recorded in Table 1 free unconjugated form and tended to be excreted in urine. 12-epiDCA, an epimerized metabolite of DCA, also was inclined to be excreted in urine where it was detected mainly as the aminoacyl amidates. These observations revealed that microbial HSDHs-mediated epimerization played a significant role in the renal elimination of CA and DCA. UDCA and isoUDCA, the epimerized metabolites of CDCA, which exist in the circulation mainly as free unconjugated BAs, are not inclined to be excreted in urine, where they present mainly as various conjugated forms. On the contrary, αHCA and HDCA, the hepatic 6α-hydroxylated metabolites of CDCA and LCA, were inclined to be excreted in urine and existed in urine mainly as sulfates and/or glucuronides. This observation was consistent with previous findings that an extensive 6-O-glucuronidation is responsible for the low levels of αHCA and HDCA in the circulation [49] [50] [51] [52] . Our data has manifested an interactive role of host and gut microbiota in maintaining BA homeostasis. In this regard, strong interests in the unidentified 12-hydroxylated tri-hydroxyl species, TBA05, TBA09, TBA10, TBA13, and TBA18, have been generated because they are major BA species with a urine excretion tendency (Figs. 2 and 4b ).
Conclusion
This work described the development and validation of a powerful tool to investigate the human C24 BA metabolome that is associated with a vast structural diversity derived from both oxidative stereochemistry and conjugation. The LC-MS/MSbased method has a high throughput, covering a great deal more of unconjugated BA species in a 15-min analytical cycle. It gradient-ramp demonstrated the tendency of certain BAs to undergo renal excretion. The free unconjugated form (Free), free one plus its aminoacyl amidates linked with either glycine or taurine (G/T + Free), free one plus its sulfates and glucuronides (Free + G/S), and the total level of each BA species were determined using the T1, T2, T3, and T4 protocol, respectively demonstrated acceptable quantitative performances for 32 unconjugated standard species with respect to specificity, accuracy, precision, and stability, therefore, providing an indirect way to ascertain BA conjugation patterns through the use of validated enzyme-digestion protocols. Application of the present method in the analysis of post-prandial serum and urine samples from NASH patients and healthy volunteers led to the detection of at least 70 unconjugated C24 BA species and the identification of 12-epiDCA, 3-dehydroDCA, and 12-epiCA for the first time by LC-MS techniques. Although the other newly found species remain unidentified, we have provided the high-definition negative fragments spectra of those that were detectable to facilitate further endeavors. Subsequent work following the present method will eventually close the gap between GC-MS techniques in the past age and LC-MS techniques currently prevailing in biomedical researches.
Quantitative metabolomic analysis of the total BA spectra in serum and urine also highlighted the fact that the urinary BA profile may serve as an ideal footprint capable of assessing the functional status of the host-gut microbial BA co-metabolism. Preliminary analysis of the conjugation patterns and urinary excretion tendencies of the identified BAs revealed that gut bacteria-mediated epimerization reactions play a significant role in the renal elimination of CA and DCA, while hepatic 6α-hydroxylation of BAs plays a key role in the renal elimination of CDCA and LCA. Based on these findings, this present method has shown an ultra-high performance providing substantial insights into the interplay of host and gut microbiota in maintaining BA homeostasis. In summary, this study provides a powerful tool for human C24 BA metabolome analysis. Further applications in translational and biomedical research will hopefully boost our understanding of host-gut microbial BA co-metabolism and open new therapeutic opportunities for treatment of liver and other metabolic diseases.
